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Pouca informação a respeito do papel de diferentes tratamentos de superfície no controle da 
formação de biofilme sobre o substrato de titânio é relatada na literatura. Implantes dentários que 
tenham osseointegração satisfatória e proporcionem melhor controle da proliferação de micro-
organismos são desejados. Este estudo, investigou o desenvolvimento de biofilme 
periodontopatogênico de três espécies sobre superfícies de titânio comercialmente puro (Ticp) tratada 
por plasma de oxidação por micro-arcos (MAO) e plasma de descarga incandescente (PDI). Superfícies 
usinadas e jateados foram utilizados como controle. As superfícies dos discos foram caracterizadas 
pela microscopia eletrônica de varredura (MEV), espectroscopia de energia dispersiva, difratometria 
de raios X, molhabilidade, energia livre de superfície e mensuração da rugosidade de superfície. 
Biofilme multiespécies composto por Streptococcus sanguinis, Actinomyces naeslundii e 
Fusobacterium nucleatum foram desenvolvidos em discos de Ticp por 16,5 h (biofilme inicial) e 64,5 h 
(biofilme maduro). A quantidade de microorganismos viáveis e a composição da matriz extracelular 
(carboidratos e proteínas) foram determinados pelo método fenol sulfúrico e método do ácido 
bicinconínico respectivamente. A organização do biofilme foi analisada por MEV. Os dados foram 
avaliados por meio da análise de variância e pelo teste Tukey HSD (α=0,05). O tratamento com MAO 
produziu filme de óxido rico em cálcio e fósforo, com aparência de vulcão, enquanto o tratamento com 
PDI produziu uma película fina e lisa à base de silício. Os tratamentos de plasma foram capazes de 
aumentar a molhabilidade do Ticp (p<0,05). Um aumento da rugosidade da superfície (p<0,05) e 
formação de anatase e rutilo foram observadas após o tratamento por MAO. PDI apresentou a maior 
energia livre de superfície (p<0,05) enquanto a rugosidade da superfície foi similar ao grupo controle 
usinado (p>0,05). Os tratamentos por plasma não afetaram a contagem dos microorganismos viáveis 
(p>0,05), mas a contagem de F. nucleatum foi menor para o tratamento com MAO na fase de adesão 
(p<0,05). A composição da matriz extracelular foi semelhante entre os grupos (p>0,05), exceto para o 
PDI que apresentou o maior teor de carboidratos (p<0,05). Os dois tratamentos por plasma parecem 
ser uma tecnologia viável e promissora para o modificar superfícies de implantes dentários por 
promoverem melhores propriedades de superfície enquanto controla a proliferação de biofilme. 
Palavras–Chave: Implantes Dentários, Titânio, Peri-implantite. 
  
ABSTRACT 
The role of different surface treatments to control biofilm formation on the substrate of 
titanium is scarce. Surface treatments of the titanium-based implants have been used to improve 
osseointegration but the control of biofilm proliferation remains a challenge. In this study we 
synthetized biofunctional titanium surfaces through micro-arc oxidation (MAO) and glow discharge 
plasma (GDP) and tested the development of a three-species periodontopatogenic biofilm onto the 
treated commercially-pure titanium (cpTi) surfaces. Machined and sandblasted surfaces were used as 
controls. The surfaces of the discs were characterized by scanning electron microscopy (SEM), energy 
dispersive spectroscopy, X-ray diffraction, wettability, surface free energy and measurement of surface 
roughness. A multispecies biofilm composed of Streptococcus sanguinis, Actinomyces naeslundii and 
Fusobacterium nucleatum was developed onto cpTi discs for 16.5 h (early biofilm) and 64.5 h (mature 
biofilm). The number of viable microorganisms and the composition of the extracellular matrix 
(proteins and carbohydrates) were determined. The biofilm structure was analyzed by SEM. Data were 
analyzed using analysis of variance and Tukey HSD test (α=.05). MAO treatment produced oxide films 
rich in calcium and phosphorus with a volcano appearance while GDP treatment produced silicon-
based smooth thin-film. Plasma treatments were able to increase the wettability of cpTi (p<.05). An 
increase of surface roughness (p<.05) and formation of anatase and rutile structures were noted after 
MAO treatment. GDP had the greatest surface free energy (p<.05) while maintaining the surface 
roughness compared to the machined control (p>.05). Plasma treatment did not affect the viable 
microorganisms counts (p>.05), but the counts of F. nucleatum was lower for MAO treatment at 
adhesion phase (p<.05). The extracellular matrix composition was similar among groups (p>.05), 
excepted for GDP that had the greatest carbohydrates content (p>.05). Plasma treatments seems to 
be a viable and promising technology to treat bone-integrated dental implants as improved surface 
properties was achieved while controlling biofilm proliferation. 
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1 INTRODUÇÃO  
Os implantes osseointegráveis têm sido utilizados como alternativa aos tratamentos 
reabilitadores convencionais, para pacientes total ou parcialmente edêntulos (Amoroso et al., 2006). 
O titânio comercialmente puro (Ticp) é o material mais utilizado para a fabricação dos implantes 
dentários por apresentar uma boa resistência mecânica, ser resistente à corrosão e causar pouca 
reação inflamatória (Cortada et al., 2000; Vieira et al., 2006).  
Quando inseridos na cavidade oral, os implantes, são submetidos a fatores adversos de origem 
química, mecânica e microbiológica, levando a um processo de degradação da superfície do material 
(Chrcanovic, 2015; Gil et al., 2003; Nakagawa et al., 2002). A cavidade oral é colonizada por diferentes 
espécies de micro-organismos, e assim como nos dentes, os materiais utilizados na reabilitação oral 
também são passíveis de colonização microbiana (Belibasakis, 2014). O biofilme formado sobre os 
implantes pode ocasionar danos no substrato ao qual estão aderidos e, na peri-implantite, pode 
ocasionar a perda do implante osseointegrado devido a agressão constante aos tecidos de suporte 
(Diaz, 2012; Francetti et al., 2015; Teughels et al., 2006). 
A peri-implantite tem sido relatada como a causa mais comum de insucesso em implantes, 
sendo a colonização de micro-organismos patogênicos e a formação de biofilme na superfície dos 
implantes dentários o principal fator de perda de osso na região peri-implantar (Dalago et al., 2016; 
Derks et al., 2016; Heitz-Mayfield e Lang, 2004). Estudos têm mostrado que 10% das falhas tardias em 
implantes dentários estão relacionadas com peri-implantite. O espaço entre os implantes e os pilares, 
a má higiene oral, a profundidade da bolsa peri-implantar e as propriedades de superfície (ex: 
rugosidade da superfície e energia livre de superfície) dos componentes transmucoso do implante são 
considerados fatores de risco para desencadear a peri-implantite (Baixe et al., 2015; Hotchkiss et al., 
2015; Salihoglu et al., 2011). Estudos clínicos (Becker et al., 1990; Sumida et al., 2002) e experimentais 
(Lang et al., 1993; Lindhe et al., 1992) mostraram correlação positiva entre o acúmulo de biofilme com 
a perda óssea peri-implantar. Nesse sentido, é necessário o entendimento da relação entre formação 
de biofilme e as características da superfície dos implantes (Pereira da Silva et al., 2005).  
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 A formação de biofilme em substratos presentes na cavidade oral é iniciada pela adesão de 
colonizadores primários como o Streptococcus spp. e Actinomyces spp. por meio da interação da 
parede bacteriana com a película de saliva formada sobre o substrato (Bao et al., 2015; Cavalcanti et 
al., 2014; Dodo et al., 2013). Os colonizadores iniciais propiciam a adesão dos colonizadores 
secundários pela co-adesão e co-agregação dos micro-organismos, promovendo a formação e 
estruturação do biofilme (Bao et al., 2015; Zhang et al., 2015). A prevalência de determinadas espécies 
está associada ao substrato, e também ao sítio no qual o biofilme é formado. A composição microbiana 
de biofilmes periodontopatogênicos é semelhante aos micro-organismos presentes na peri-implantite, 
sendo os gêneros Actinomyces, Streptococcus e Fusobacterium os mais prevalentes nos biofilmes 
coletados in vivo (Diaz, 2012; Yuan et al., 2015). Apesar de outros micro-organismos estarem 
associados a severidade da doença, a associação destes três gêneros de bactérias tem sido considerada 
de grande importância no processo de colonização do substrato e desenvolvimento do biofilme (Diaz, 
2012). 
Grössner-Schreiber et al. (2009) observaram in situ que 45% das bactérias identificadas na 
superfície de discos de Ti com diferentes tratamentos de superfície eram Streptococcus spp. 
Streptococcus sanguinis tem sido usado em diversos estudos em modelos de adesão de bactérias 
devido a sua alta importância na formação de biofilme (Lee, 2015; Wolinsky et al., 1989) e por 
apresentar melhor adesão à superfícies cobertas com a película de saliva quando comparado com 
outros micro-organismos (Pereira da Silva et al., 2005). Estudos recentes tem demonstrado que a 
espécie Actinomyces naeslundii é encontrada em maiores proporções na peri-implantite do que em 
áreas de implantes saudáveis (Kumar et al., 2012; Vielkind et al., 2015). A presença de A. naeslundii 
em estudos de biofilme é importante, pois este micro-organismo além de ser um colonizador inicial, 
produz catalase, enzima que inativa peróxido de hidrogênio produzido por Streptococcus spp. e 
possibilita o crescimento de bactérias anaeróbicas, como Fusobacterium nucleatum. O F. nucleatum é 
um micro-organismo de alta prevalência em doenças peri-implantares, pois atua nos processos de co-
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adesão e co-agregação, principalmente para micro-organismos peri-implantopatogênicos (Herekar et 
al., 2015; Periasamy et al., 2009; Thurnheer e Belibasakis, 2015). 
Para favorecer as respostas biológicas do organismo e aumentar a taxa de sucesso dos 
implantes osseointegráveis, modificações topográficas e químicas da superfície dos implantes 
dentários vêm sendo amplamente estudas (Jing et al., 2015; Oliveira et al., 2014; Shim et al., 2014;). 
Além de favorecer o processo de osseointegração, objetiva-se com essas modificações um melhor 
controle da proliferação de micro-organismos sobre a superfície dos implantes no período pós-
cirúrgico e até mesmo de maneira tardia, propiciando sucesso e longevidade do tratamento. Dentre 
os diferentes tratamentos de superfície, a incorporação de íons cálcio tem se mostrado efetiva na 
redução da adesão e do crescimento de micro-organismos (Marques Ida et al., 2015). Entretanto, o 
mecanismo desse processo ainda é desconhecido.  
 Várias técnicas de tratamentos de superfície têm sido empregadas, como exemplo o 
tratamento por ácido, o qual é utilizado para descontaminar a superfície do Ti, alterando suas 
propriedades físico-químicas (Buser et al., 2004; Cochran et al., 1998). Adicionalmente, os tratamentos 
prolongados com peróxido de hidrogênio são usados para promover a deposição de apatita na 
superfície do Ti, melhorando a sua bioatividade (Pan et al., 1998). Já o ácido sulfúrico (H2SO4) 
combinado com o peróxido de hidrogênio (H2O2), vem sendo utilizado para controlar a 
deoxidação/reoxidação química de materiais a base de Ti. Uma superfície livre de contaminantes é 
produzida, propiciando a formação de uma camada de óxido, sendo um benefício para imobilização 
covalente de moléculas bioativas (Nanci et al., 1998). Esse tratamento de superfície possibilita a 
formação de uma rede nano estruturada na superfície do material, levando ao aumento da expressão 
de algumas proteínas como a osteopontina e a sialoproteína óssea em cultura de células osteogênicas 
primárias (de Oliveira e Nanci, 2004). O tratamento químico de superfície do Ti utilizando o ácido 
clorídrico (HCl) combinado com H2O2, também promovem formação óssea, facilitando a deposição de 
apatita, melhorando a osseointegração, além de ser um método simples (Shi et al., 2009). 
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 Outra técnica bastante utilizada é o jateamento da superfície do titânio, provocando o 
aumento da adesão de osteoblastos, e esta técnica provoca aumento da carga elétrica negativa na 
superfície do Ti, favorecendo assim a osseointegração no substrato osso-implante (Guo, 2012). O 
jateamento com partículas grandes combinado ao ataque ácido é uma das técnicas mais utilizadas 
para melhorar as superfícies dos implantes (Li et al., 2012). 
Recentemente tem se estudado tratamentos de superfície denominados tecnologia de plasma 
eletrolítico, sendo uma modificação que busca tratar a superfície sem submeter o material a altas 
temperaturas (Marques ISV et al., 2015; Walsh et al., 2009). Um destes tratamentos é a oxidação por 
micro-arcos (MAO), técnica capaz de depositar uma camada de óxido sobre os metais, dentre eles o 
Ti. É realizada em eletrólito aquoso acoplada ao eletrodo ânodo, acima da tensão de ruptura dielétrica 
e é acompanhada por micro descargas de plasma na superfície do metal (Jing et al., 2015) 
 As camadas de óxido depositadas sobre o metal conferem maior resistência ao desgaste e à 
corrosão, produzindo proteção térmica e apresentando boa adesão ao material (Salih e Ali, 2015; 
Walsh et al., 2009). As superfícies tratadas com MAO promovem a criação de micro poros, aceleram a 
formação de osso, promovendo a osseointegração, melhorando o contato osso-implante, além de 
desempenhar função antibacteriana (Sowa et al., 2015Sul et al., 2009).  
Estudos recentes têm demonstrado efeitos benéficos da incorporação de cálcio, fósforo e sílica 
no aumento da resistência à corrosão (Krupa et al., 2012; Marques Ida et al., 2015), além de contribuir 
para o crescimento ósseo, na calcificação da matriz óssea e na diferenciação celular (Della Valle et al., 
2012; Jung et al., 2016; Zareidoost et al., 2012). Superfícies tratadas por MAO têm demonstrado maior 
capacidade de indução para nucleação e crescimento de apatita em testes de imersão simulando o 
fluido corporal (Hu et al., 2010).  
 O plasma de descarga incandescente (PDI) vem sendo utilizado como uma possível fonte de 
tratamento de superfície de biomateriais. É um tipo de plasma a frio desenvolvido para esterilizar e 
modificar superfícies de biomateriais à temperatura ambiente e com baixa pressão atmosférica (Chang 
et al., 2015; ). Este tratamento rompe as ligações covalentes na superfície do material, sendo realizado 
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em uma mistura gasosa com elétrons de alta energia, íons e de fótons de raios ultravioleta. 
Recentemente, PDI tem sido utilizado para tratamento de superfície de Ti devido à ação de limpeza 
altamente eficiente e à propriedade de desinfecção/esterilização (Chang et al., 2015; Kibayashi et al., 
2005;). O PDI além de ser um método eficaz e econômico, tem o atrativo de promover tratamento com 
profundidade limitada a poucos nanômetros da superfície, dessa maneira consegue-se modificar a 
superfície e ao mesmo tempo manter as propriedades de massa e função do metal. (Bazaka et al., 
2011; Chang et al., 2015). 
 Ainda, estudos recentes têm incorporado proteínas ao tratamento com PDI para facilitar a 
adesão de células osteogênicas à superfície do implante. Foi observado melhora no processo de 
osseointegração tanto in vitro quanto in vivo, aumentando o número de trabéculas ósseas ligadas ao 
implante (Chang et al., 2016; MacDonald et al., 2013). Além disso, diferentes tratamentos de PDI 
promoveram alteração da topografia e diminuição da hidrofobicidade do material avaliado, e um fator 
promissor deste tratamento foi a redução na adesão de micro-organismos observada in vitro para 
Candida spp. (Yoshijima et al., 2010; Zamperini et al., 2013). 
Um dos componentes importantes para o tratamento com PDI é o hexametildisiloxano 
(HMDSO). Esse é um monômero organo-silício de interesse devido a sua alta taxa de deposição e a 
habilidade de controlar a estrutura e propriedade de filme formado na superfície pela variação das 
condições de deposição (Blanchard et al., 2015; Vechiato-Filho et al., 2015). A incorporação de O2 
durante o processo de deposição do HMDSO melhora as propriedades tribológicas do filme (Lopes, 
2012). Este tratamento promove alterações na molhabilidade da superfície, propiciando alterações na 
adsorção de proteínas e no comportamento das células (Hao e Lawrence, 2004; Janocha et al., 2001), 
entretanto é desconhecido como esse tratamento atuaria no processo de colonização por micro-
organismos.  
O controle da proliferação de micro-organismos sobre a superfície dos implantes é importante 
para manutenção da saúde peri-implantar e longevidade do tratamento (Chrcanovic, 2015). 
Entretanto, entendimento do papel de diferentes tratamentos de superfície no controle da formação 
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de biofilme sobre o substrato de Ti é muito limitado. Sabe-se ainda que o uso do plasma para 
tratamento de superfície de biomateriais é considerado um “hot topic” nas áreas de engenharia de 
materiais e engenharia biomédica, possibilitando o desenvolvimento de materiais com maior 
biocompatibilidade e longevidade.  
Tendo em vista a relevância do tema e a constante busca por implantes dentários que 
proporcionem osseointegração satisfatória e proporcionem melhor controle da proliferação de micro-
organismos, o presente estudo teve por objetivo investigar a formação de biofilme multiespécies (S. 
sanguinis, A. naeslundii e F. nucleatum) em discos de Ticp com superfície submetida a tratamentos 
com plasma: MAO e PDI. Os objetivos específicos deste estudo foram: (1) Caracterizar a topografia dos 
discos de Ticp submetidos aos diferentes tratamentos através da microscopia eletrônica de varredura 
(MEV), espectroscopia de energia dispersiva, difratografia de raios-x, perfilometria, molhabilidade e 
energia livre de superfície; (2) Avaliar a formação de biofilme inicial  (16,5 horas) e biofilme maduro 
(64,5 horas) multiespécies sobre a superfície do Ticp quanto a contagem das unidades formadoras de 
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Surface treatments of titanium-based implants have been used to improve osseointegration, but the 
control of biofilm proliferation remains a critical concern. In this study, titanium (Ti) was modified with 
biofunctional and novel surface by micro-arc oxidation (MAO) and glow discharge plasma (GDP) and 
tested the development of a three-species periodontopatogenic biofilm onto the treated 
commercially-pure titanium (cpTi) surfaces. Machined and sandblasted surfaces were used as controls. 
Several techniques were performed for surface characterizations. A multispecies biofilm composed of 
Streptococcus sanguinis, Actinomyces naeslundii and Fusobacterium nucleatum was developed onto 
cpTi discs for 16.5 h (early biofilm) and 64.5 h (mature biofilm). The number of viable microorganisms 
and the composition of the extracellular matrix (proteins and carbohydrates) were determined. The 
biofilm organization was analyzed by scanning electron microscopy (SEM). MAO treatment produced 
oxide films rich in calcium and phosphorus with a volcano appearance while GDP treatment produced 
silicon-based smooth thin-film. Plasma treatments were able to increase the wettability of cpTi (p 
<.05). An increase of surface roughness (p <.05) and formation of anatase and rutile structures were 
noted after MAO treatment. GDP had the greatest surface free energy (p <.05) while maintaining the 
surface roughness compared to the machined control (p >.05). Plasma treatment did not affect the 
viable microorganisms counts, but the counts of F. nucleatum was lower for MAO treatment at early 
biofilm phase. The extracellular matrix composition was similar among groups, excepted for GDP that 
had the greatest carbohydrates content. The findings indicate that plasma treatments is a viable and 
promising technology to treat bone-integrated dental implants as the new surfaces displayed 
improved surface properties with no increase in biofilm proliferation. 
Keywords: Micro-Arc Oxidation, Glow Discharge Plasma, Bacteria, Peri-implantite.  
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1. Introduction  
  The oral cavity is colonized by different species of microorganisms, and as the teeth, all the 
materials used in oral rehabilitation are also prone to microbial colonization [1]. The biofilm formed 
on dental implants may damage the substratum to which the microorganisms are adhered. Around 
10% of dental implant late-failure is caused by peri-implantitis [2, 3]. The implant-abutment gap, poor 
oral hygiene, depth of peri-implant sulcus and surface properties (i.e. roughness and surface free 
energy) of implant components are considered risk factors for peri-implantitis development [4, 5]. Peri-
implantitis can cause the loss of osseointegrated implant due to the chronic inflammation in 
supporting tissues [6, 7]. Therefore, it is important to understand the relationship between biofilm 
formation and implant surface characteristics [8].  
Biofilm formation on different substrata in the oral cavity begins by the adhesion of primary 
colonizers as Streptococcus spp. and Actinomyces spp. by interaction of the bacterial wall with the 
saliva film formed on the substrate [9, 10]. The first adhered cells provide the link for the establishment 
of secondary colonizers by co-adhesion and co-aggregation of microorganisms, favoring cell number 
increase and biofilm tridimensional organization [11, 12]. The composition of the pathogenic biofilm 
present in peri-implantitis is similar to the biofilm in periodontitis, being the genera Actinomyces, 
Streptococcus and Fusobacterium the most prevalent in biofilms collected in vivo. [7, 13].  
To enhance the success rate of dental implants, topographical and chemical surface 
modifications have been widely studied with the objective to increase the implant-bone contact, 
particularly in low-density bone tissue areas. [14-16]. It is imperative that such surfaces control the 
proliferation of microorganisms to mitigate early and late implant failures. The micro-arc oxidation 
(MAO) is an emerging treatment technique to deposit an oxide layer on metals, including titanium (Ti). 
MAO is performed in an aqueous electrolyte coupled to the anode electrode, above the dielectric 
breakdown voltage and is accompanied by micro plasma discharges to the metal surface [17, 18]. The 
oxide layer deposited on the metal confers greater resistance to wear and corrosion, producing 
thermal protection and having good adhesion to the material [19]. MAO treated surfaces promotes 
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the creation of micropores, which accelerates bone formation and improves implant-bone contact [20, 
21]. Recent studies have demonstrated beneficial effects of incorporating calcium and phosphorus on 
increasing the corrosion resistance of Ti material [22], besides contributing to bone growth, 
calcification of the bone matrix and cell differentiation [23, 24]; however, their effect on biofilm 
formation remains unexplored. 
 Another promising source of biomaterial surface treatment is the glow discharge plasma 
(GDP). It is a type of non-thermal plasma used to sterilize and to modify biomaterial surfaces at room 
temperature and low pressure [25, 26]. This treatment changes the material surface and it is developed 
in atmosphere with high-energy electrons, ions, ultraviolet photons and reactive species. Besides being 
an efficient and economical method, GDP is attractive to promote treatment with depth limited to a 
few nanometers of the surface, which can modify the surface while maintaining the volume properties 
and metal function. Previous studies [27, 28] have shown that GDP reduced the adhesion of Candida 
spp onto denture base acrylic resin in vitro. However, its influence on the development of 
periodontopathogenic multispecies-biofilm is still unknown.  
 Therefore, this study aimed to investigate the formation of three-species biofilm composed of 
S. sanguinis, A. naeslundii, F. nucleatum onto cpTi coated with MAO and GDP. The synthetized coatings 
were characterized using different techniques.  
 
2. Materials and methods 
 
2.1. Experimental design  
CpTi discs were randomly divided into four groups according to the surface treatments: 
machined (M) and sandblasted (Sb) (controls), micro-arc oxidation (MAO) and glow discharge plasma 
(GDP) (experimental groups). Surfaces were characterized using scanning electron microscopy (SEM), 
energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), atomic force microscopy (AFM), 
perfilometry, wettability and surface free energy. For biofilm assay, a three-species biofilm composed 
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by S. sanguinis, A. naeslundii and F. nucleatum was developed onto the cpTi discs for 16.5 h (early 
biofilm) and 64.5 h (mature biofilm) in a modified fluid universal medium (mFUM) with 0.15% glucose 
and 0.15% sucrose containing human saliva and serum. The number of colony forming units and the 
extracellular matrix composition (proteins and carbohydrates) were determined. SEM was used to 
visualize biofilm organization.  
 
2.2. CpTi discs preparation 
CpTi discs (Grade II - American Society for Testing of Material) (MacMaster Carr) with 10 mm 
in diameter and 2 mm thickness were ground with #320, #400, and #600 SiC abrasive paper (Car-bimet 
2, Buehler). The composition in wt% of cpTi was Ti (99.7), C (0.006), Fe (0.12), O2 (0.16), N2c(0.004), and 
H2 (0.0019) [29].  
In this study, two control groups were used: machined (polished) and sandblasted. The 
sandblasting procedure followed a previously described protocol [30]. Discs were blasted with 150-µm 
aluminum oxide (Al2O3) particles (Polidental Indústria Comércio Ltd) at a distance of 50 mm, an angle 
of 90° and air pressure of 0.45 MPa for 30 seconds [30]. Discs were ultrasonically washed with distilled 
water for 15 min and allowed to dry at room temperature. Subsequently, the surface of the discs were 
etched by a mixture of 0.1 mol/L of HCl and 8.8 mol/L of H2O2 at a temperature of 80 °C for 20 minutes, 
then rinsed in distilled water, oven dried at 50°C for 12 h and finally heated in air at 400°C for 1 h [31]. 
 
2.2.1. Surface modification by MAO 
The machined discs were washed and degreased with acetone following by rinsing with 
distilled water for 10 min each in an ultrasonic bath and then dried in warm air. A DC power supply 
(Plasma Technology Ltd) was used for MAO process. A stainless steel beaker with re-circulating cooling 
system that maintained the temperature of the electrolyte at approximately 20 °C was used as the 
electrolytic container and cathode while the cpTi discs was placed in the electrolytic cell as the anode. 
The electrolytic solution was based on 0.3 M of calcium acetate (Ca (CH3CO2)2) (Sigma–Aldrich) and 
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0.02 M of glycerophosphate disodium (C3H7Na2O6P) (Sigma–Aldrich). Treatment was carried out for 10 
min, voltage 290 V, frequency 250 Hz and duty cycle (60%) [32]. Afterwards, cpTi discs were washed 
with deionized water and air-dried. 
 
2.2.2. Surface modification by GDP  
The cpTi discs were ultrasonically washed in distilled water and detergent (Det limp 32, 
Chemco) for 15 min, rinsed in abundant tap water, degreased with acetone for 15 min and then air 
dried. Plasma treatments were performed in a custom-made glass reactor from the Technological 
Plasma Laboratory (LaPTec; Sao Paulo State University), further described elsewhere [33]. Prior film 
deposition, discs were cleaned for 600 s by plasma ablation in an atmosphere composed of 0.5 x 10-2 
Torr of the argon (50%) and H2 (50%) mixture. The system base and working pressure in those 
experiments were 2 x 10-2 and 3 x 10-2 Torr, respectively. Subsequently, the plasma deposition was 
performed during 900 s in an atmosphere of 70% of hexamethyldisiloxane (HDMSO), 15% of O2, and 
15% of argon by applying radio frequency (RF) signal of 13.56 MHz (100 W) at the substrate holder and 
grounding the top electrode. The background pressure, gas pressure and working gas pressure were 
maintained at 2 x 10-2, 1.8 x 10-1 and 2 x 10-1 Torr, respectively. Then, a final plasma surface treatment 
was conducted in pure oxygen plasma and without exposing samples to atmosphere. For that, 7.5 x 
10-2 Torr of oxygen was added to the reactor, producing a working pressure of 9.5 x 10-2 Torr. The 
treatment plasma, which last 300 s, was excited by applying RF signal of 13.56 MHz (100 W) at the 
substrate holder while earthening the top electrode. The whole procedure was performed 2 times and 
in both sides of the discs. 
 
2.3. Surface characterization 
The morphology of cpTi surfaces was observed with scanning electron microscopy (SEM; JEOL 
JSM-6010LA, JEOL) and the chemical composition was evaluated by energy dispersive spectroscopy 
(EDS) using a detector attached to the SEM. Surface micrographs were recorded using secondary 
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electrons detector and beam energy of 5.0 and 10.0 keV. Three different regions were selected to 
perform the EDS analysis. The phase composition of the surfaces was determined by X-ray 
diffractometer (XRD; X’ Pert Powder) using Cu-Kα radiation (λ = 1,540598 Å) at 45 kV and 40 mA. Three-
dimensional images (50 × 50 µm2) were taken to observe the topographies and profile of all surfaces 
using atomic force microscopy (AFM) (5500AFM/SPM, Agilent Technologies). A non-contact mode was 
used and two distinct areas of the samples were chosen for profile analysis. Gwyddion software was 
used for image processing. The cpTi surface roughness (n=10) was determined by profilemeter using a 
Dektak D150; Veeco system. Three line profiles of 500 µm in length were taken from different areas 
during 12 seconds on each disc and the average value was calculated. The average, Ra, root mean-
square-average, Rq, average maximum height of the profile, Rz, and maximum height, Rt, roughnesses 
were derived from the acquired profiles. 
The receptivity of the samples to water and diiodomethane (n=10) was evaluated from sessile 
drop method. Measurements were conducted at room temperature but with controlled humidity in 
an automatic goniometer (Ramé-Hart 100-00; Ramé-Hart Instrument Co, Succasunna, NJ, USA). With 
the water (polar component) and diiodomethane (dispersive component) contact angles, the surface 
free energy was determined. The contact angle was calculated according to the Young equation:  
Ƴsv = Ƴs1 + Ƴ1v cos Ɵc 
where Ɵc = contact angle, Ƴ = surface energy of solid in equilibrium with vapor (sv), solid in equilibrium 
with liquid (sl), and liquid in equilibrium with vapor (lv). The relation between contact angle and surface 
energy was evaluated through the Owens-Wendt method, based on the contact angle of liquids with 
different polarities [34]. A total of 10 measurements were performed for each disc. 
 
2.4. Biofilm assay 
Prior to biofilm assay, discs were sterilized by gamma radiation (14.5 +/- 0.05 kGy) [35]. A 
three-species biofilm composed of S. sanguinis IAL 1832, A. naeslundii OMZ 745, and F. 
nucleatum OMZ 596 was developed on the cpTi discs to evaluate the adhesion of microbial cells andthe 
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biofilm formed. The biofilm were grown on discs in 24-wells cell culture plates supplemented with 
whole saliva and blood serum in order to mimic a peri-implantitis condition [36]  
 
2.4.1. Biofilm development 
For the inoculum preparation, the microorganisms were individually cultivated on Columbia 
blood agar (Difco Laboratories) supplemented with 5% defibrinated sheep blood (CBA), and then in 
fluid universal medium containing 0.3 % glucose [37] supplemented with 67 mmol/L Sorensen's buffer, 
pH 7.2 ("modified fluid universal medium", mFUM) in anaerobic atmosphere (10% H2, 10% CO2 e 80% 
N2) at 37°C [38]. The final culture of each microorganism was independently adjusted to 
OD550 1.0 ± 0.05 [39]. The three-species inoculum was prepared by mixing equal volumes of each 
density-adjusted culture. Prior to the biofilm assay, a protein pellicle was formed on cpTi. The whole 
unstimulated saliva was collected and donated from four healthy volunteers who provided their 
consent and signature (register number 030/2014). Saliva volumes were pooled, centrifuged and the 
supernate was pasteurized and stored in polypropylene at -20°C as describe by Guggenheim et al [39] 
until the onset of the biofilm assay. Discs were pre-incubated in 24-well culture plate with a mixture 
of unstimulated human whole saliva and horse serum (6:1) at 37 °C for 4 h. The protein-coated discs 
were transferred to wells containing 0.2 mL of mixed-species inoculum and 1.8 mL of mFUM 0.3% 
glucose containing proportion of 30% mFUM, 60% saliva and 10% horse serum (3:6:1). The plates were 
incubated anaerobically at 37°C for 16.5 h and 64.5 h. From 16.5 h to 64.5 h, the biofilms were dipped 
in 0.9% NaCl solution three times a day to remove non-adherent cells. The medium was changed at 
16.5 and 40.5 h for a fresh mixture of mFUM 0.15 % glucose and 0.15 % sucrose, saliva and serum 
(3:6:1), to encourage the biofilm growth, removing the old medium with dead cells and not adhered 
to the biofilm that may interfere with biofilm development. All assays were performed independently 





2.4.3. Biofilm analysis 
Discs were transferred to cryogenic tubes containing 3 mL of 0.9% NaCl solution and sonicated 
at 7 W for 30 s (Sonifier®, Branson Ultrasonics Corporation) [40]. The resultant suspension was used 
for biofilm analysis. For quantification of the colony forming units (CFU), 0.1 mL aliquot of the 
suspension was serially diluted in saline solution and plated in the following culture media: CBA (Difco 
Laboratories) supplemented with 5 % defibrinated sheep blood for total microorganism count and CBA 
plus norfloxacin (1 mg/L), erythromycin (1 mg/L), and vancomycin (4 mg/L) for F. nucleatum; Mitis 
Salivarius Agar (Difco Laboratories) for S. sanguinis; Cadmium Sulfate Fluoride Acridine Trypticase Agar 
(Difco Laboratories) for A. naeslundii. CBA and CBA Plus plates were incubated anaerobically for 72 
hours at 37°C, while CFAT and MSA plates were incubated in an atmosphere of 10% CO2 for 48 hours 
at 37°C. After obtaining the counts, data were expressed as colony forming units per mL (Log10 CFU/mL) 
[41]. 
 The protein content was determined using the bicinchoninic acid technique (BCA Kit, Sigma-
Aldrich). Bovine serum albumin was used as standard [42]. A total of 150 µL of the sonicated biofilm 
suspension was placed into 96-well cell culture plates containing 150 µL of the mixture of BCA Kit 
reagents. The plate was incubated at 60°C for 60 minutes and the absorbance determined at 562 nm. 
The carbohydrate content was determined by the phenol-sulfuric method [43], using glucose as 
standard. A volume of 400 μL of the sonicated suspension was used to extract soluble and insoluble 
extracellular polysaccharides as described by Aires et al. [40]. The extracellular polysaccharides 
amount was calculated by the sum of soluble and insoluble extracellular polysaccharides. Protein and 
polysaccharide amounts present in the biofilm was normalized by log10 CFU. 
The biofilm organization was examined by SEM (n = 2). Biofilms on discs were fixed for 2 hours 
in Karnovsky's Fixative solution (2.5% glutaraldehyde, 2% formaldehyde, 0.1 M sodium phosphate 
buffer; pH 7.2), followed by dehydration in a series of ethanol washes. The discs were then allowed to 
dry aseptically. The discs were monted on stubs, sputter-coated with gold and examined with a SEM 




2.5. Statistical analysis 
One-way ANOVA was used to test the effect of different surface treatments (4 levels) on the 
surface roughness (Ra, Rq, Rt, Rz), wettability, surface free energy, number of colony forming units, 
and protein and carbohydrate contents. Means were compared with the Tukey Honestly Significant 
Difference (HSD) test. All tests were conducted with a 5% significance level (SPSS v. 20.0; SPSS Inc). 
 
3. Results and Discussion 
Different surface treatments have been proposed with the aim of improving the biological 
response of dental implants [45, 46]. The chemical composition, topography and wettability of the 
treated cpTi surface are directly related to the process of osseointegration and adherence of 
microorganisms [47-49]. These properties may determine whether cpTi implants are successfully 
incorporated in living organisms and perform their intended function [50]. The chemical changes in 
the surface of treated cpTi implants may come in contact with the body after the installation of the 
implant, improving the interaction between the surface and the biological environment [45]. 
 
3.1. Surface Characterization  
The SEM (Figure 1a) micrographs and AFM (Figure 2) images show the surface microstructure 
of the cpTi for controls and experimental groups. M and GDP groups exhibited smooth and uniform 
surfaces with longitudinal grooves as a result of the polishing procedure. Sb group showed the 
formation of crystal-like structures with prominent peaks and deep valleys (asterisk), while in surface 
treated with MAO the presence of pores similar to volcanoes (arrow) was observed. These results are 
in agreement with other studies [32, 47].  
The chemical composition of the cpTi surfaces was analyzed by EDS (Figures 1b-c). M group 
showed peaks of oxygen (O), carbon (C) and titanium (Ti), which may be related to the formation of 
titanium dioxide (TiO2) film. The presence of C is due to the atmospheric adsorption during disc 
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manipulation and has been considered an inevitable contamination [51]. Its presence has also been 
correlated with the ketones dissolvent used during fabrication process [52]. Peak of aluminum (Al) was 
noted in the Sb group as a result of blasting process with Al2O3 particles. The acid etching after blasting 
process tends to increase the bioactivity of Ti material by attracting calcium ions to the surface, which 
provides better osseointegration process. [53]. The Al2O3 layer and the increased content of C in this 
group shadow the underneath layer of TiO2 which may explain the reduced content of Ti when 
compared to the M group. The presence of sodium (Na) as a contaminant needs further investigation. 
Incorporation of calcium (Ca) and phosphorus (P) was noted on the oxide layer of the MAO-
treated group. The Ca/P ratio was close to the hydroxyapatite (1.67), an effective component for bone 
growth [32, 46, 54]. In the GDP treated sample it is verified the presence of 30% of silicon (Si), 30% of 
oxygen (O) and 40% of carbon (C), elements characteristic of the organosilicon precursor, HMDSO, 
((CH3)3-Si-O-Si-(CH3)3) used during plasma polymerization [48]. The high C proportion (40%) indicates 
the formation of an organosilicon structure similar to that found in conventional silicone (50% C, 25% 
Si and 25% O2) [55]. The absence of Ti peak in the spectrum of this sample indicates that the 
organosilicon film has thickness higher than the average penetration depth of the beam eletrons used 





Figure 1. a) SEM images, b) EDS spectra for machined (M); sandblasted (Sb); micro-arc oxidation 
(MAO); and glow discharge plasma (GDP) groups, c) Elemental composition (at. %) of the surface 







In the XRD analysis (Figure 3), all groups exhibited amorphous phase, excepted MAO group 
where peaks of anatase and rutile were noted. The reaction between hydroxyl ions (OH−) and Ti ions 
(Ti4+) are able to form anatase and rutile (TiO2) phases in the microdischarge channels [56]. Such 
crytalline structures are beneficial for enhancing the nucleation and subsequent precipitation of 
hydroxyapatite, which may increase the bioactivity of the Ti surface [57].  
 
Figure 2. AFM 2D and 3D topography images of machined (M); sandblasted (Sb); micro-arc oxidation 




Figure 3. XRD pattern obtained from all studied groups,     Ti;     Rutile;      Anatase. 
 
Various surface parameters were used to quantify the surface roughness of cp-Ti, including Ra, 
Rq, Rz and Rt. Ra is widely used for the evaluation of the surface, and it serves as general guideline on 
the surface texture; Rq is a quadratic roughess average; Rz reflects outlying points because it averages 
only five highest peaks and five deepest valleys; Rt is the vertical distance between the highest peak 
and the deepest valley in the evaluation lenghth [58]  
The roughness patterns were slightly higher for the Sb and MAO groups when compared to 
machined and GDP groups (p< .05) (Figure 4). According to a recent study, the incorporation of calcium 
as well as Al2O3 particles can produce rough surfaces. [32]. It has been suggested that the bond 
strength between the implant and the surrounding bone tissue depends mainly on the bone contact 
area. Thus the pattern and roughness of the implant may have a direct effect on the stability of the 
anchoring in relative smooth surfaces, enhancing the advantage of these coatings on metallic 






The surface properties of a material may depend on the type of surface treatment, which can 
produce different textures, wetting and surface energy values [60]. In this study, reduced water 
contact angle (i.e. greater wettability) (p< .05) was noted for all treated groups, where the GPD group 
exhbited the lowest one (Figure 5). As a consequence, the surface free energy of GDP treated group 
was the highest (p< .05). According to the EDS results (Fig. 1b-c), the GDP treatment resulted in a 
organosilicon film (SiOxCyHz) which is essentially hydrophobic [48, 55]. However, the post-deposition 
treatement in O2 plasma, removes C from the organosilicon surface converting it into a SiOx rich surface 
[61], while keeping the organosilicon nature of the underneath. Furthermore, O2 gas produces active 
peroxide radicals under the action of plasmas which promotes the bonding of C with O and OH-  ions 
[62], which plays a role in increasing the surface free energy [28]. Increased wettability and surface 
free energy are favorable for biocompatibility and cell surface interactions of the substrate with the 
biological enviroment [63, 64], and favor differentiation and deposition of bone matrix [49, 65]. The 
structural SiOxCyHz to SiOx transformation is also interesting if one considers that SiOx present higher 
hardness, chemical stability and corrosion resistance than the organosilicon structure. 
Figure 4. Roughness parameters of different surface treatments of cpTi. Different letters in the same 









3.2. Microbiological Assay 
3.2.1. Colony Forming Units 
Biofilm formation in colony forming units of total microorganisms and S. sanguinis, A. 
naeslundii e F. nucleatum species at 16.5 h and 64.5 h are observed in figure 6. The type of surface 
treatment did not influence the biofilm formation onto cpTi (p> .05, ANOVA); excepted for F. 




Figure 5.  Contact Angle and surface free energy of different surface treatments of all groups. 
Different letters show statistical difference among groups (p< .05; Tukey HSD test). 
Figure 6. Colony forming units (log10 CFU/mL) for total microorganisms and each species in all 
studied groups. a) Early biofilm formation at 16.5 h and b) Mature biofilm formation at 64.5 h. * 




A previous study showed that crystalline rich TiO2 layer presented reduction of microorganism 
adhesion [66]. Therefore the presence of anatase in the cpTi surface may be the driven force toward 
reduction of F. nucleatum adhesion in the MAO group. However, such trend was not observed for 
mature biofilm, corroborating with previous studies that evaluated the development of other 
microorganisms in MAO-treated surfaces [67, 68]. Contradicting our results, Almaguer-Flores et al. [69] 
noted that the adhesion of Escherichia coli and Staphylococcus aureus was slightly lower on the 
amorphous phases compared to their crystalline (i.e. rutile and anatase) counterpart of Ti material. 
Authors explained that the predominant acidic nature of crystalline surface displays positive charge 
sites that may electrostatically interact with the net negative charge of the bacterial wall. 
The reduction of F. nucleatum adhesion in the MAO group is an important finding once such 
microorganism is involved in the co-aggregation events that occur during the development and 
maturation of biofilms; therefore, it may play an important role in the dynamic of early biofilm growth 
[70, 71]. 
 
3.2.2. Composition of the extracellular matrix 
The extracellular matrix is rich in various components where the proteins and polysaccharides 
are important for the growth of bacterial biofilm [72]. The quantitative analysis of total proteins and 




Figure 7. Extracellular matrix composition in all studied groups. Different letters indicate significant 




The protein content was similar among groups (p= .387, ANOVA). The amount of protein is a 
factor that is associated with the pathogenicity of the biofilm [73]. Proteins secreted from bacterial 
biofilms can contribute to the stability of the biofilm, regulating the functions of the host tissue in a 
manner that is detrimental to the pathogenesis of periodontal disease [74, 75]. The bacterial species 
used in this study are strongly associated with periodontitis and peri-implantitis diseases [76, 77] and 
includes early settlers as S. sanguinis, secondary colonizers as A. naeslundii and late colonizers as F. 
nucleatum. These species were selected for producing the natural dynamics of subgingival biofilm 
formation in in vitro model [78, 79]. The F. nucleatum microorganism plays an important role in the 
development of periodontopathogenic biofilm as it binds with late colonizers producing co-
aggregation of different species [80].  
In this study, salivary pellicle was formed onto cpTi surfaces. The pellicle is involved in non-
covalent interactions such as electrostatic forces, hydrogen bonding and van der Waals forces, which 
results in the selective adsorption of salivary proteins [6, 81]. This event is important for bacterial 
colonization by providing binding sites for adherence of microorganisms [82]. Saliva was centrifuged 
and pasteurized to remove cells, cellular debris and bacterial proteins, reducing the total amount of 
protein; nevertheless, protein composition is maintained [39]. To simulate the gingival fluid, a medium 
containing saliva and blood plasma was used. When the blood plasma is in contact with implant 
surfaces there is a rapid adsorption and the ion plasma proteins forms a protein layer on the surface 
that is regulated by a dynamic and complex process [81]. Blood plasma feeds the subgingival plaque 
by exudate crevicular fluid, rich in protein sources, providing nutrients for subgingival bacteria [83, 84]. 
All these functions can explain the similar content of proteins in all studied surfaces, so that the data 
were obtained from salivary pellicle, blood plasma and cell wall of bacteria. In this sense, the lack of 




The carbohydrates content was affected by the surface treatment (p= .04, ANOVA). The biofilm 
exposed to the GDP treated specimen had higher amounts of carbohydrate when compared with Sb 
(p= .005) and MAO (p= .08) groups. Metabolic changes occur throughout the biofilm development and 
are associated with the substrate type. Carbon is a source of nutrient to the biofilm, which may 
increase the polysaccharide content [85]. High peaks corresponding to carbon was found on the GDP 
surface, which may have affected the high production of carbohydrates, as noted in this study. 
 
3.2.3. Scanning electron microscopy 
The observation with SEM revealed notable differences in the initial structure of biofilms 
according to the material surface. After 16.5 h, bacterial population was formed onto the cpTi surfaces 
(Figure 8a). Bacterial were arranged either as short streptococcal chains or as multicellular aggregates 
(asterisk). Fusiform rods, suggestive of F. nucleatum or A. naeslundii could be recognized inside the 
biofilms (arrows). The MAO surface exhibited the most concentrated bacterial cells, different from 
other surfaces that had spread throughout the surfaces of the discs. After 64.5 h, no difference in 
biofilm architecture was observed among groups (Figure 8b). The biofilm covered the entire disc 
surface, channels were noticed and were filled with an amorphous extracellular material, forming a 




Figure 8. SEM images. Biofilm structure in a) early biofilm formation at 16.5 h and b) mature biofilm 
formation at 64.5 h. Bacterial biofilms were arranged either as short streptococcal chains or as 
multicellular aggregates (arrows). Spindle-shape rods, suggestive of F. nucleatum could be recognized 
inside the biofilms (asterisk).  
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 3.3. Clinical implications, Limitations and Future scope 
The increase in surface roughness can increase the surface area and thereby increasing 
bacterial colonization [2, 6, 76]. Surfaces with high surface energy and wettability are also facilitators 
for enhancing bacterial adhesion [76, 86]. The most important finding in the current study is that 
although the MAO treatment promoted greater wettability and roughness than control machined 
group, no increased bacterial formation was noted. Another interesting outcome relies on the GDP 
surface. Such non-thermal plasma treatment was able to increase the wettability and surface free 
energy of cpTi while maintaining the levels of biofilm formation as controls. Therefore, such plasma 
treatments may reduce the osseointegration period while not increasing the peri-implantites risk. 
It is difficult to simulate the real in vivo conditions, even using human saliva and horse serum, 
as this study was carried out under laboratory conditions. Additionally, even though we used a 
multispecies biofilm to simulate a condition of peri-implantites, such disease is more complex in 
nature. Other microbe species such as Porphyromonas gingivalis, Campylobacter rectus, 
Aggregatibacter actinomycetemcomitans, Prevotella nigrescens, Prevotella intermedia and Tannerella 
forsythia are very common in patients with peri-implantitis. Therefore, further in situ and in vivo 




Following conclusions are drawn from this study 
 Plasma treatments increased the wettability of cpTi. GDP treatment enhanced the surface free 
energy while maintaining the surface roughness properties of cpTi. MAO treatment was able 




 In terms of viable microorganisms cell, surface treatment did not influence the early (16.5 h) 
and mature (64.5 h) biofilm formation onto cpTi, excepted for F. nucleatum, where MAO 
exhibited the lowest counts of such microorganism at 16.5 h. 
 The composition of the three-species biofilm extracellular matrix was similar among groups 
with the exception of GDP that had the greatest content of carbohydrates.  
 In a nutshell, the surface treatment of titanium implants with plasma technology is a viable 
and promising strategy to extend the longevity of dental implants. The treated surface exhibit 
improved surfaces characteristics while maintaining the bacterial proliferation under control. 
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Considerando as limitações deste estudo e os resultados obtidos, pode-se concluir que: 
 Os tratamentos com plasma aumentaram a molhabilidade do Ticp. O PDI apresentou a maior 
energia livre de superfície enquanto a rugosidade da superfície foi similar ao grupo controle 
usinado. O tratamento com MAO aumentou a rugosidade de superfície do Ticp e criou um 
filme cristalino (anatase e rutilo) rico em Ca e P. 
 Os tratamentos de superfície não influenciaram na adesão e formação de biofilme. Com 
exceção para o tratamento com MAO que apresentou menor adesão para o micro-organismo 
F. nucleatum. 
 A composição da matriz extracelular do biofilme de três espécies foi similar entre as 
superfícies, com exceção do PDI onde maior quantidade de carboidratos foi notada. 
 Os tratamentos por plasma parecem ser uma tecnologia viável e promissora para o modificar 
superfícies de implantes dentários por promoverem melhores propriedades de superfície 
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